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Abstract 
In this study, fluid-structure interaction method and nonlinear deformation as well computational fluid dynamics 
computation was used to analyze the dynamic motion of a single cell cultured in rectangular chamber. Due to the 
influence of gravity, the cells moved slowly toward the bottom of the flow chamber, and it was found that cells did 
not directly hit the bottom during the process of descending, in contrast, the cells rebound at a certain distance from 
the bottom, which was designated as cell jumping phenomenon. When the cells rebound to a certain level of height, 
they began to move toward to bottom of chamber and then jump again. This cell jumping phenomenon occurred 
repeatedly and each cycle of descending and ascending was similar. When the cell movement suddenly changed, the 
force acting on the cells and the speed of the cells were altered in an oscillating manner. The results provide a 
quantitative assessment of the relationship between micro-mechanics environment and cells in vitro. 
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1. Introduction 
Early studies based on experimental observation and mathematic models have achieved many useful 
results in cell movement and deformation. Thoma [1] pointed out that red blood cells migrate to the center 
of the vessel, forming the marginal plasma layer. The thickness of the plasma layer increases as the shear 
strain rate grows[2-3]. Goldsmith [4-7] discovered that when Re was less than 1 and the wall suspension of 
emulsion droplet flow, deformation of fluid droplet makes it run through the streamline and migrate from 
the wall to the center of the tube. However, this migration was not observed for rigid ball suspension. 
Flaherty et al [8] simulated two-dimensional motion of cells whose cross-section had a shape of Cassini 
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ovals and found that the red blood cells in a simple shear flow field produces two different movements: (1) 
rotating as rigid bodies under the low shear rate; and (2) movement and deformation as fluid droplet in 
high shear rate. In addition, the nature of the film was determined by the speed of film movement.  
Later, many studies were carried out rapidly. In 1995, Pozrikidis [9-10] investigated the transient 
deformation of vesicles surrounded by adhesive or elastic membrane with a fixed surface tension under 
the shear flow condition. Zhou and Pozrikidis [11] simulated the movement of cells with incompressible 
two-dimensional and three-dimensional membranes under the shear flow condition. They also simulated 
the deformation movement under different degree of real rounding conditions. In 1999, Takami et al [12] 
found cell adhesion and jumping phenomenon in the vessels. Subsequently, a lot of researches obtained 
the cell surface shear stress by using three-dimensional computational fluid dynamics and simulations. 
These studies also observed the phenomenon of arbitrary rotation, deformation, migration and 
proliferation of cells as well as cell adhesion when they were adjacent to the vessel walls [13-16]. All these 
results derived from three-dimensional modeling were based on fluid-structure interaction method in 
which cells are assumed to be rigid, or solid deformation is not considered. In this study, we established 
fluid-structure interaction model according the size of the cell, cell culture chamber, flow state and 
mechanical characteristics. Through mathematical modeling, we analyzed the movement and deformation 
of single cell under the fluid forces in the flow chamber. 
2. Materials and methods 
Biological system relates to the interaction between fluid and solid non-linear coupling of the dual 
fluid solid boundary, it must be unified in order to consider the interaction of the solid solution of fluid. 
Fluid mechanics software, such as potential flow calculation module to calculate nonlinear fluid-structure 
interaction, fluid into the rigid simple software to calculate body vibration coupling was increased. There 
are two ways to solve the problem of fluid-structure interaction. Fluid-structure interaction is strong and 
weak coupling.  
The steady state Navier-Stokes equations governing the flow are given 
2( )v v p v                                 (1) 
where v and  are the velocity vector and pressure, respectively. Segregated-implicit solve and second 
order upwind difference scheme are adopted. The calculation version is 3ddp and the residual precision is 
10-8 for continuity, X-velocity, Y-velocity and Z-velocity. Symmetric boundary condition is applied on 
the symmetry plane.  
The governing equation for the solid domain is Equilibrium equation, Geometrical equation and 
Constitutive equation, which were listed as following  
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where E and  are Young’s Modulus and Poisson’s ratio, respectively. ia  and ix  are the coordinate 
system before and after solid domain deformation. ijE and ij  are Green-Lagrange strain and the second 
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Piola-Kirchoff stress. kkE is the first strain invariant and ij  is Kronecker delta. if  is body force acting 
on the centroid. The cell is assumed to be an isotropic, linear, elastic solid with Young’s modulus E=104 
Pa and Poisson’s ratio =0.3.  
In the real experimental situation, the aspect rectangular cell culture chamber was length 2000 m, 
width 200 m and height 50 m. The cell diameter was 6 m (Fig. 1 and Fig. 2). This gravity field in the 
physical model for the viscosity coefficient is a constant in a homogeneous incompressible fluid flow 
problem. Characteristic length obtained cell diameter R=6 m, the average flow velocity U=6.667e-3m/s, 
the fluid density =993.4kg/m3, dynamic viscosity=6.94e-4kg/m.s, the Reynolds number=0.5726. 
Reynolds number is low in flow chamber. In order to save the time and space in the computation, the flow 
field size was truncated from 2000 m to 1000 m, and symmetric boundary conditions were taken in the 
width direction. 
A 4-node tetrahedral mesh is used, with a higher density on the boundary of the fluid domain. 
FORTRAN and Visual C++ were adopted to program CFD cod e, FEM code and interface code to solve 
these nonlinear FSI problems. This coupled nonlinear FSI method contains four main modules: (1) to 
solve the flow and obtain the force distribution on the interface of the fluid and structure by using CFD 
code, (2) to write the force file, then output the input file for FEM code by using interface program, (3) 
Run FEM code to analysis the nonlinear deformation of the solid and output the displacement file, and (4) 
regenerate the mesh of fluid portion following the displacement of solid nodes, and then go back to 
module (1) and (5) Data processing and analysis in final. 
In order to verify the accuracy of the program, we use simpler in air cast rigid body motion model to 
validate the program. Validation of the model utilized the same model with the actual situation, velocity 
and displacement of X-direction movement. The effects of air resistance were ignored. The theoretical 
level is very close to the maximum error of less than 0.2%, and the error is mainly due to the case in the 
real cells in the course of the movement caused by the air resistance. For Z-direction movement, the 
theoretical value is very close to, the maximum error less than 0.3%, and the rate of declining is due to the 
increase of resistance.  
 
Fig.1. Schematic diagram of a flow chamber with a single cell 
 
Fig.2. Schematic diagram of a single cell and its mesh. 
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In order to verify the accuracy of exercise program, we use simpler in air cast rigid body motion model 
to validate the program. Validate the model take the same model with the actual situation, X-direction of 
the velocity and displacement results ignore the effects of air resistance problem throwing the theoretical 
level is very close to the maximum error of less than 0.2%, and the error is mainly due to the case in the 
real cells in the course of the campaign caused by the air resistance. Z-direction, speed of calculation 
results with the theoretical value is very close to the maximum error less than 0.3%, and the rate of 
decline is due to the increase with the air resistance also increases; displacement results in the calculation 
of the start of nearly 10% margin of error exists, then decreases rapidly over time to less than 1%, mainly 
due to calculation and exercise program itself points the way used displacement. 
3. Results 
Fig. 3 and Fig. 4 were the results of cell three-dimensional movement at the bottom of the flow 
chamber. Fig. 3a showed a linear increase of X-direction movement with few changes during the whole 
process. After 1 second of movement, the cells moved a distance of 2.78 m, which was lower than the 
average moving distance of fluid (6.667 m). The distance that the cells moved was 1.39% of the total 
length of the flowing chamber. Y-direction movement was relatively complex (Fig. 3b).  
The cells initially moved toward the Y-positive direction (symmetrical direction) and during this 
process the speed of the cell movement was firstly increased and then decreased (Fig. 3e). The distance of 
the cell movement was 0.1 m after 0.38 second. At this time point, the cells suddenly changed the 
moving directions and moved toward Y-negative direction for 0.03 second with a total distance of 0.05 
m. After that, the cell moving direction changed again smoothly and the cells were restored to Y-
positive direction of movement for a total of 0.14 second. The speed of the movement was similar to that 
prior to the direction change and the total distance the cells moved was 0.02 m. The total time for the 
process of two direction changes was 0.17 second. After 0.55 second of movement, the cells experienced 
two changes of moving directions in the next 0.17 second and the distance the cells moved in Y-negative 
direction was longer than the first time. The cells experienced a cycle every 0.17 second. In each cycle, 
the moving directions were changed twice. The cells moved toward the Y-negative direction for 0.03 
second with high speed and moved toward Y-positive direction for 0.14 second with low speed. After 
each cycle, the cells moved a certain distance toward Y-negative direction. Although the direction change 
and speed for the movement toward each direction were different, the trend the cells were moving was 
consistent (Y-negative direction). 
Movement toward Z-direction was similar to that toward Y-direction. However, Z-direction movement 
was more regular. The cells were initially moving toward Z-positive direction (toward the bottom 
direction). The speed was accelerated first and then decreased. After 0.38 second, the cells moved 4.8 m 
toward the Z-positive direction and the distance of the cells to the bottom of chamber was 0.5 m. At this 
time point, the cells suddenly moved toward Z-negative direction for 0.025 second with a distance of 1 
m. The direction of cell movement was then smoothly changed and restored to Z-positive direction for 
0.125 second. The speed was similar to that prior to first direction change. The cells experienced a cycle 
every 0.15 second. Comparing to the Y-direction cycle, each cycle of Z-direction movement was identical 
and we designated this rebounding movement along the gravity direction as cell jumping movement. 
Cells rotated very slowly and did not change significantly during movement toward each direction. 
After 1 second of movement, the maximal rotating angle was 10.6 degree. Therefore, detailed analysis of 
cell rotation was not included in the current study. 
We divided cell movement into 4 parts based on the descriptions above. The first part was designated 
as initial stage. In this stage, the cells started from static condition to move toward a certain directions 
with a certain speed. Initially, the cells experienced oscillation of decelerating movement toward X-
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direction. After 0.02 second of oscillation, cell movement was accelerated in three directions for 0.05 
second and then the speed of cells moving toward Z- and X-directions was decreased. The maximal speed 
for Z-direction and X-direction was 1.679e-2m/s and 4.217e-3m/s, respectively. The speed of cells 
moving toward Y-direction began to decrease after 0.02 second. The maximal speed of Y-direction 
movement was 5e-4m/s, which was much slower than that of X- and Z-direction movement. Therefore, 
Y-direction movement was not the focus of this study. When the speed of Z-direction movement was 
reduced to 9.5e-3m/s (at this time point, the cells moved for 0.3 second), the initial stage was completed. 
There were no obvious changes of cell movement to indicate the end of this stage. Therefore, the speed of 
9.5e-3m/s in Z-direction was used as reference to indicate the end of this stage.  
The second part was designated as the first stage of cell jumping movement. In this stage, the cells 
continued decelerated landing movement for 0.38 second until the distance of the cells to the bottom of 
the chamber was approximately 0.5 m. The speed of cells moving toward Z- and X-direction was 1e-
3m/s and 2e-3m/s, respectively. At this time point, the first stage of cell jumping movement (smooth 
landing) was completed.  
The third part was designated as the second stage of cell jumping movement. In this stage, the cells 
started oscillating type of movement. The speed of Z-direction movement became negative, indicating the 
occurrence of cell jumping. Subsequently, the speed of X- and Y-direction movement also became 
negative and the cells started oscillating type of movement in all the three directions. During the process 
of oscillation, the cells moved to the lowest point, and then the oscillating range and the speed were 
gradually increased. The cells rebounded back (ascending) rapidly with X-positive and Y-negative 
movement in an oscillating manner. After the absolute value of speed in Z-direction reached 0.8 m/s, the 
fluid forces acting on the cells were gradually reduced and the speed of cell movement was also gradually 
decreased. The cells started to ascend with a reduced speed and gradually reached the highest point. 
During this process, the cells continued X-positive or negative and Y-negative direction movement in an 
oscillating manner. At the time point of 0.407 second, the distance of the cell to the bottom of the 
chamber was 1.53 m, indicating the end of the second stage of cell jumping movement. There were two 
inflexion points in this stage: the lowest and highest points during jumping. These two points were not 
specific points with distinct speed and forces acting on the cells. These two points only represented that 
the speed and forces acting on the cells changed. At the lowest point, the cells were changed from a state 
in which the absolute speed value of negative direction movement was lower than that of the positive 
direction movement to the state in which absolute speed value of negative direction movement was larger 
than that of the positive direction movement. In contrast, at the highest point, the cells were changed from 
a state in which the absolute speed value of negative direction movement was higher than that of the 
positive direction movement to the state in which absolute speed value of negative direction movement 
was lower than that of the positive direction movement. The forces acting on the cells were also changed 
correspondingly.  
The fourth part was designated as the third stage of cell jumping movement. In this stage, the cells 
continued oscillating movement and descended toward the bottom of the chamber. The speed of Z-
direction movement continued to decrease in an oscillating manner and the speed in negative direction 
gradually disappeared. The speed of X-direction movement was also decreased in an oscillating manner 
and the speed in negative direction gradually disappeared. The speed of Y-direction movement was 
reduced in an oscillating manner. The speed in positive direction disappeared first and only negative 
direction speed was left. As the speed continued to be decreasing, all the negative direction speed was 
changed to positive direction speed. After 0.45 second of movement, oscillating movement in all the three 
directions disappeared in short period. At this time point, the speed of cells moving toward Z-direction 
was 9.2e-3m/s and the distance between the cell and the bottom of the chamber was 1.2 m, indicating 
the end of the third stage of cell jumping.  
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The first, second and third stages of cell jumping movement were repeated and each cycle was 
approximately 0.15 second.  
Table 1  Rotation of A CELL 
Time (s) Rotation (
0) 
x y z 
1.0 4.37 10.3 3.06
4. Discussion 
Due to the gravity, the flowing cells slowly descended toward the bottom of the chamber. However, 
the cells do not directly hit the bottom. In contrast, the cells rebound at a certain distance between the 
cells and the bottom. We designated this movement as cell jumping phenomenon. When the cells rebound 
to a certain height, they began to descend toward the bottom and rebound again. This process was 
repeated and each cycle contained identical steps of cell ascending and descending. When the movement 
of the cells changed, the forces acting on the cells and the speed altered in an oscillating manner. 
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Fig.3. The dynamics of motion of a single cell due to gravity in flow chamber 
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(a)                                          (b) 
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Fig.4. Graphical display of local enlargement in Fig.3 
 
